We introduce a fast and cost-effective technique to fabricate large-area periodically nanopatterned metal samples and apply this technique to create reflective nano-grid wave plates for optical wavelengths. The technique makes use of azo-polymer-based interference lithography and a special imprint method that enables creating large-area metal nanopatterns with high vertical walls. We fabricate and experimentally test a gold nano-grid wave plate that operates as reflective k=4-plate for k ¼ 604 nm and k=2-plate for k ¼ 997 nm. V C 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4813756] Artificial nanostructures are nowadays widely used in many fields of science and technology. In optics, a large variety of nanofabricated optical elements, such as ultrathin polarizers 1 and wave retarders, 2,3 nanostructured antireflection coatings, 4 optical waveguides, 5 plasmonic nanoantennas and nanosensors, 6 substrates for surface enhanced Raman scattering, 7 and optical metamaterials, 8 have been developed and demonstrated to find numerous useful applications. As a specific class of nanofabricated optical elements, we mention periodic arrays of metal nanostructures, which can be designed to have a prescribed, strong, and spectrally highly selective optical response. 9, 10 Such arrays are usually created with the help of electron-beam lithography (EBL), 11 which provide high fabrication precision, but are extremely timeconsuming and as such not suitable for fabrication of largearea arrays of nanostructures. The same can also be said about focused ion beam lithography (FIB). 11, 12 Furthermore, if the array is supposed to have long-range periodicity, the use of self-organized or self-assembled patterns 13, 14 as initial etching masks or templates is not justified. As a matter of fact, the number of fast and cost-effective techniques for fabricating periodic nanostructures of a large surface area, such as nanoimprint lithography, 15 are rather limited, with the majority of these techniques involving optical interference lithography. 16 Recently, we have proposed an optical lithography technique, in which conventional photoresists are replaced with azobenzene-functionalized polymers. 17, 18 This replacement provides additional flexibility, reliability, and simplicity for the fabrication process. In this work, we apply this technique to create large-area periodically patterned dielectric templates which we then use as molds to obtain metal surface patterns with a complementary geometry. The metal is simply evaporated onto the template and then mechanically removed from it. A single template can be used to fabricate many nanopatterned metal samples. The technique is similar to the one used by Nagpal et al., 19 but with a modification that allows us to obtain nanostructures with relatively high vertical walls. Using this technique, we fabricate a periodic array of nanogrooves in gold. The geometry of the array is chosen such that the sample acts as a reflective metal nano-grid wave plate. This optical element was proposed in Ref. 20, but has not yet been realized in practice.
The operation of the wave plate is based on the fact that the incident light polarized along the grooves (TMpolarized) is reflected mostly from the top surface of the array, while the orthogonally TE-polarized light penetrates into the grooves and will be reflected mostly from the bottom of the pattern. Thus, by properly selecting the depth of the grooves, one can obtain a quarter-or a half-wave plate, which provides a phase difference of p=2 and p, respectively, for the TE and TM polarizations. Such wave plates can be used, e.g., as mirrors in laser cavities that can help avoid optical standing waves and the resulting spatial hole burning effect in the gain medium. 21 The wave plate fabricated and tested in this work is designed to operate as a k=4-plate at k % 600 nm and as a k=2-plate at k % 1000 nm. The measured reflection and polarization spectra are shown to be in good agreement with theoretical predictions.
The fabrication process that we propose here for a costeffective production of large-area nanopatterned metal samples is illustrated in Figure 1 . In steps I and II, we fabricate a silicon template by applying an azo-polymer-based interference lithography described in detail in Ref. 18 . In these steps, a silicon wafer is coated with thin films of alumina (Al 2 O 3 ), titanium, gold, and an azo-polymer material [Poly(Disperse Red 1 acrylate)]. Then a surface relief grating is created on the azo-polymer film with a TM-polarized interference pattern produced in a Lloyd interferometer, at k ¼ 488 nm. Finally, the grating is used as a mask for etching the underlying layers and through them the silicon substrate. The resulting template is in the form of an array of deep rectangular grooves or dimples with vertical walls. 17, 18 In principle, owing to the poor adhesion of noble metals to oxides, one can oxidize the obtained template, coat it with gold or silver and apply the template-removal technique of Ref. 19 to obtain a metal surface with "nanoimprinted" pattern. However, when the template structures have vertical and relatively high walls, this approach fails because of a too large metal-template friction that appears upon the separation. The required stripping force can easily exceed the inelastic deformation threshold of the structures and even rapture the template. This is what we observed when we tried directly to use this approach. In order to decrease the metal-template friction, we coated the template with a thin layer of Al 2 O 3 using atomic layer deposition (ALD) and on top of that a layer of trichloromethylsilane (CH 3 Cl 3 Si) using physical vapor deposition (see step III in Figure 1 ). The alumina deposition is also used as a tool for fine tuning the pattern dimensions, such as the groove width. Then, we evaporate gold onto the template (step IV) and glue a glass plate to the metal with UV-curable epoxy (step V). Finally, we easily decouple the metal glued to the glass from the template (the final step VI). Figure 2 shows scanning electron microscope (SEM) images of (a) a silicon template fabricated in steps I and II in the form of nanogroove array and (b) a gold nano-grid wave plate created in steps III-VI with the help of this template. The structure dimensions are K ¼ 260 nm, W ¼ 100 nm, and H ¼ 210 nm (see the inset of Figure 2(b) ). The surface area of the array exceeds 1 cm 2 . In principle, the sample area is limited only by the size of the laser spot in step I.
The optical properties of the fabricated wave plate were studied by using an experimental setup presented in Figure 3 . Broadband light from a tungsten lamp is collimated with a lens, linearly polarized with a broadband polarizer and reflected from the wave plate at an angle h % 9
. This angle is small, such that the measured spectra are very close to those for normal incidence, as was verified by numerical calculations. The reflected light is analyzed with another broadband polarizer (analyzer) and a fiber-coupled spectrometer. The entrance end of the fiber is positioned in the middle of the light spot (that is about 1 cm in diameter).
Each measurement is started by replacing the wave plate with a high-quality thick gold film and measuring the transmission spectrum of the system with the polarizers aligned for maximum transmission. This spectrum is then used as a reference. Next, we insert the wave plate into the system and fix the transmission axis of the polarizer at an angle of 45 with respect to the sample's grooves. The analyzer is then rotated in steps of 5 over the full angle of 360 and the relative transmission spectra of the system are recorded for each step. The relative transmission is equal to the absolute transmission divided by the reference transmission. Thus, it describes the effect of the pattern on the reflection.
The recorded spectra contain all information necessary to evaluate the sample performance. A perfect quarter-wave plate would transform a linearly polarized incident light (see Figure 4 (a) in which the incident electric field E in is shown by the blue dash-dotted line) into a circularly polarized light without loss. The rotating electric field vector of the reflected light would thus trace a circle shown in Figure 4 (a) by the red dashed line. A perfect half-wave plate, on the other hand, would switch the polarization state of the incident light to an orthogonal one and preserve the field amplitude (see the dashed green line that represents the corresponding oscillation of the reflected electric-field vector).
The system transmission curves plotted for several wavelengths as functions of the orientation angle a of the analyzer's transmission axis with respect to the axis of the polarizer are shown in Figure 4 (b). It can be seen that at 604 nm, the transmission of the system does not depend on the orientation of the analyzer. Hence, the wave plate converts the incident light into circularly polarized light and thereby acts as a quarter-wave plate. The transmittance of the system at each orientation of the analyzer is smaller than 0.5 and indicates a 20% optical loss in the grooves at this wavelength. The solid red line in Figure 4(a) shows the polarization ellipse that corresponds to the measured reflected wave. The reflection coefficient for the field amplitude of the groove array is equal to 0.9.
At 997 nm, the transmission of the system is observed to reach zero at certain values of angle a of the analyzer. This means that the field reflected by the wave plate is linearly polarized. The maximum transmission takes place at a nearly crossed position of the polarizer and analyzer and, therefore, the sample operates as a quite good half-wave plate. The observed 5 deviation from the exact 90 position between the polarizer and analyzer and the measured 85% maximum transmission unambiguously imply that the reflection coefficient of the y-and x-components of the field have approximately the magnitudes of 1 and 0.85, respectively. These values can be calculated from equations jE x j=jE y j ¼ tanð40 Þ and jE x j 2 þ jE y j 2 ¼ 0:85jE in j 2 . The x-component undergoes a higher loss, presumably because it penetrates into the groves where the metal surface is not quite smooth (see Figure 2(b) ). The polarization state of the measured reflected light is shown in Figure 4 (a) by the green solid line. Figure 5 (a) shows the measured intensity transmission spectra of the system at two rotation angles of the analyzer with respect to the polarizer, À5
(red) and 85 (black). The experimental data are represented by circles. The solid curves are obtained by locally averaging the experimental values. The relatively large scattering of the experimental values is a measurement artefact caused by mode interference in the fiber that guides the signal to the spectrometer; the coupling of the light to the fiber modes is sensitive to the incidence angle that slightly varies when the analyzer is rotated. The red and black curves in Figure 5 (a) are seen to intersect at about 604 nm, and at this point the reflected light is circularly polarized. At 997 nm, the red curve shows a minimum and the black curve a maximum value, which corresponds to a half-wave plate operation of the array. In order to compare the fabricated wave plate with an ideal one, we numerically calculated the reflection spectra of an ideal component with the help of the commercial software COMSOL MULTIPHYSICS (version 4.3a). The ideal wave plate is assumed to have the same values of parameters K, W, and H as the fabricated one, but all its surfaces are assumed to be perfectly smooth. The spectral dependence of the electric permittivity of gold was taken from Ref. 22 . Figure 5 predicted spectra. However, the measured sample shows a higher loss than the ideal one.
In conclusion, we have introduced a technique for creating large-area periodic metal nanopatterns that can have more than 200 nm high vertical walls. The fabrication process consists of (1) obtaining a nanopatterned dielectric template and (2) "printing" nanopatterned metal samples using this template. To fabricate the templates, we use azo-polymer-based interference lithography, and to create the corresponding metal prints, we apply an imprinting technique in which a layer of trichloromethylsilane is used to reduce friction between the template and the decoupling metal. Using this technique, we have fabricated an optical element that was previously theoretically proposed to operate as a reflective nano-grid wave plate. We could successfully verify this theoretical prediction. The fabricated wave plate operated as a quarter-and half-wave plate, at the wavelengths of 604 and 997 nm, respectively. It showed a slightly higher absorption loss than an ideal wave plate presumably due to nano-scale roughness of the metal surfaces in the grooves. In general, reflective nano-grid wave plates of the considered type can be designed to operate at longer or shorter wavelengths and fabricated of a different metal, such as silver or aluminum.
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